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ABSTRACT 
 
Past research has shown that modest non-uniformity of corn plant spacing has small, 
negative effects on grain yield.  The extent to which this influence of distance to adjoining plants 
is due to compensatory yield adjustments is not known.  In 2011 and 2012, high density stands in 
76 cm rows were hand thinned to 74 130 plants ha-1 during early vegetative growth (V1-V2) to 
produce large variability in plant-to-plant, with-in row spacing.  Individual ears were hand-
harvested at physiological maturity after recording the distance of each plant to its nearest 
within-row neighbors.  In 2011, there was no significant correlation between each plant’s 
individual space in the row and grain weight per plant (r = 0.0007 p = 0.60).  In contrast, in 2012 
there was a significant correlation (r = 0.12 p < 0.0001), and per-plant grain weight increased 2.5 
g for each additional cm of space along the row.  Plant spacing affected neither kernel weight nor 
kernel number per ear in 2011, but in 2012, kernel weight increased (by 2 mg) and kernel 
number (by 2.96 kernels per ear) for each additional cm of space occupied by a plant.  The 
average per-plant grain yield was only slightly higher in 2011 (185 g) than in 2012 (180 g), but 
the pattern of weather was very different, with dry conditions late in 2011 and very dry 
conditions until after pollination in 2012, followed by late rainfall that helped grain fill.  Thus 
while reducing variability of interplant spacing would seem to offer little benefit under good 
growing conditions, doing so under certain stress conditions might provide a yield benefit. 
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INTRODUCTION 
 
The United States is the largest global producer of corn (Zea mays L.) accounting for 
approximately 35 and 32% of global production during the 2011 and 2012 growing seasons, 
respectively (USDA-FAS 2013).  U.S. corn production increased following passage of the 1996 
Federal Agriculture Improvement and Reform Act, which provided planting flexibility to the 
farmer by ending crop acreage restrictions (H.R. 2854, 1996; H.R. 1371, 2007).  Further 
incentives to increase acreage and to maximize yields were provided through the development 
and implementation of the Renewable Fuel Standards under the Energy Policy Act of 2005 
which mandates the use of ethanol as a fuel additive; corn grain being the major feedstock at 
present (USDA-WAOB 2013; U.S.E.P.A., 2013).   
The task of planting corn to optimize yield has become progressively complex.  Major 
equipment manufacturers and niche marketers, such as John Deere, Case IH, Kinze, Precision 
Planter, etc., are creating modifiable devices that encourage producers to tailor or adapt their 
management considerations and strategies to a season’s unpredictable weather, field location 
geographies and topography, past production histories, etc.  However, research-based 
examination of these new development's purposes are needed to determine whether the 
incremental increases in device technology actually add to a farmer’s per area and per-plant 
productivity.   
In 1930, Chester A. Hunt of Grundy County Illinois was the first producer known to have 
proposed that individual plants be spaced uniformly along closely spaced rows throughout a field 
(Dungan, 1946).  Prior to his suggestion, corn was often planted in widely spaced, multiple 
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plants hills containing upwards to 5 seeds per hill.  “Crowding” later became the term Duncan 
(1984) used to describe spatial measures of the geometrical relationships among corn plants in a 
planted pattern.  His theory on competition between neighboring plants suggested the existence 
of a minimum measurable distance, “DMAX,” at which length the separation between any two 
plants is great enough to consider any crowding effects negligible.   
Due in part to changes in hybrids, population and grain yield today Duncan’s theory is 
problematic, as his model showed the DMAX limit was violated at populations beginning near 
29 600 plants ha-1.  Based on corn grain and seed prices, modern hybrids typically maximize 
their yield under good conditions at populations ranging from 81 500 to 108 700 plants ha-1   
(Van Roekel and Coulter, 2012).  With increasing plant populations subsequently causing 
decreased plant-available, within-row space, Shubeck and Young (1970) asserted that uniform 
spatial distribution of those plants within the stand could be expected to minimize the plant-to-
neighbor competition by facilitating the most efficient use of available light, water and nutrients. 
Research results regarding yield and its response to uniform, within-row plant spacing 
have been mixed.  Some early experiments examining spatially uniform stands observed small, 
non-significant effects on final grain yield (Kiesselbach et al., 1935; Erbach et al., 1972; 
Muldoon and Daynard, 1981; Liu et al., 2004a).  In contrast, others have found that grain yield is 
reduced by non-uniform plant-to-plant spacing.  Researchers in Kansas examined a range of 
plant variation typically found in farmers’ fields, and found that greater within-row spacing 
variability generally correlated with lower yields (Krall et al., 1977).  Vanderlip et al. (1988) 
affirmed this previous work, showing that grain yield positively responded when the individual 
physical space between consecutive within-furrow seeds became increasingly similar.  More 
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recently, a large-field scale survey undertaken at 354 Indiana and Ohio locations evaluated 
within-row plant spacing standard deviation versus final grain yield, and found that every 1 cm 
increase in standard deviation corresponded to a 54 kg ha-1 decrease in yield (Nielsen, 2004).  
Doerge and Hall (2002) reported similar results, but with yield increasing by 101 kg ha-1for each 
1 cm decrease in the standard deviation of within-row plant spacing.  
With certain research supporting the idea that more uniform spacing increases yield, 
equipment manufacturers have made efforts to enhance seed metering to improve plant-to-plant 
uniformity of spacing.  Precisely timing the release of seed as the planting unit travels down the 
row does not, however, guarantee spacing uniformity.  Such factors as soil temperature, soil 
moisture content, depth of seed placement, physical and chemical damage to seed coats and 
seedlings, pests, and other factors, many of which are often beyond a producer’s control, can 
affect each seed’s ability to establish a plant (Bullock et al., 1988; Carter et al., 1989; Lauer and 
Rankin, 2004).  Thus established stand arrangements subject to the aforementioned influences 
resultantly contain skips, doubles and multiples.  With these in consideration, researchers have 
proposed acceptable field–wide, within-row spacing standard deviation thresholds that 
distinguish between adequately and inadequately established stands.  Nafziger (1996) discussed 
the inevitability of some spacing deviation, calculating that with 61 700 seeds per hectare 
perfectly spaced in 76 cm rows, having only 5 percent of the seeds failing to establish a plant 
means within-row plant space standard deviation of 4.8 cm.  Nielsen (1991) similarly stated that 
typical emergence in a commercial field is around 90 to 95%, and that an appropriate within-row 
spacing standard deviation threshold to be sought is 5 cm.  
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The observable differences amongst plant-to-plant spacing arrangements, e.g. skip and 
doubles, in some cases are the result of physical movement of seeds that is generated by the 
motion and mechanics of the planter.  Over the decades, planters, and consequently seed meters, 
are being operated as faster speeds.  The added momentum to each seed has caused some 
concern that seeds are rolling and bouncing along the furrow, thus increasing the area-wide 
spacing standard deviation and the variety of seed orientations in the furrow; possibly a function 
of the soil’s hardness and wetness at planting.  Attempts to counteract the seed roll have been 
done so with seed tubes and firming devices.  Staggenborg et al. (2004) observed that seed 
firmers significantly reduced the standard deviation of plant-to-plant spacing at one site-year, but 
that at the three other site-years, seed firmers reduced standard deviations by only 0.8 cm, which 
was not significant. 
Seeds’ in-furrow movement creates a large amount of orientation variation as well.  
Orientation has not been overlooked for its potential to influence by-plant development and grain 
yield.  Researchers Patten and Van Doren (1970) indicated that “proximal-end down” seedlings 
(having the radical-end of the seed being the bottom most point) emerged 3 to 5 days earlier, and 
also showed enhanced germination under cooler soil temperatures.  They attribute the timelier 
emergence to the 20% greater surface penetration.  Researchers Hodgen et al. (2007) found that 
delayed corn plant emergence, of as little as four days, can lose up to 15% of their individual 
yield potential.  Bowers and Hayden (1972) observed similar orientation advantages in beans 
planted with the hypocotyl end up which reduced subsurface seed movement that delays 
emergence.  Torres et al. (2011) showed that it is conceptually possible to control a corn 
seedling’s leaf arrangement relative to a row's geographical heading.  If seeds were planted lying 
flat with their embryo up or similar to Patten and Van Doren’s (1970) arrangement, 70 to 90% of 
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plants had leaves arrangements perpendicular to the planted row.  This could increase light 
interception, and consequently yield by reducing plant-to-plant leaf shading.  Martin et al. (2005) 
noted that all methods homogenizing corn plant stands decreases by-plant yield variation, which 
suggests that within-row spatial variation may not tell the entire by-plant yield variation story. 
Reports of inconsistent yield effects of plant spacing uniformity could be the 
consequence of plant density differences and the method through which plant spacing variability 
was measured.  For example, Krall et al. (1977) averaged their standard deviation measurements 
over a population range of 47 000 to 64 500 plants ha-1, thus eliminating the possibility of 
distinguishing between the effects of plant population and within-row space variability upon 
grain yield.  Nafziger indicated that the yield contributions of gaps and doubles are in opposite 
directions, so standard deviation alone is not a perfect indicator of stand uniformity          
(Nafziger, 1996).   Johnson and Mulvaney (1980) also observed lower yields resulting from 
increasing the size of gaps within a uniformly spaced stand.  The extent that these large and 
small gaps depressed grain yields was greater in low plant populations than high populations.  
An Ohio study compared the yields of corn planted in equidistant spacing, that is the same 
distance between rows as the distance between plants within the row, and a similar population 
planted in 107 cm rows; however, they did not mention the within-row spacing variation that 
existed in the decreased within-row plant spacing associated with the 107 cm rows (Hoff and 
Mederski, 1960).  Such research clearly shows that uniform spacing increases yield, but the 
extent of that yield improvement cannot be explained without mentioning the plant-to-plant 
spacing variation that existed down the row. 
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In central Illinois there is a need to investigate the effect that variable within-row spacing 
has upon final plant grain yield and its components.  As new, more advanced planting 
technologies are presented to producers, their decision whether to purchase these “precision” 
products should primarily focus on whether the return on such an investment is positive.  With 
the topic of crop stand arrangement presently having a large industry presence, we indeed 
believe that a plant’s grain yield may variably adjust to the amount of within-row space that it is 
allotted.  Therefore, the objective of this research was to evaluate the trend of grain yield per 
plant as it is affected by the amount of individual space that each plant has within the 76 cm row 
spacing.  This research also examined how both within-row space and a plant’s position between 
its two nearest within-row neighbors affected by–plant grain yield.  Finally, kernel weights and 
kernel numbers were recorded to shed light on how any competition or crowding created by 
within-row space variation influenced a corn plant’s kernels.   
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LITERATURE REVIEW 
 
In order to understand the effect conveyed upon the yield of individual corn plants by 
their placement relative to their within-row neighbors, there are some background concepts that 
should be considered.  These concepts include crop stand establishment, population, row 
spacing, within-row spacing, inter-plant competition, and the partitioning of photosynthetic 
assimilates between the yield components kernel number and kernel weight.   Some of these 
concepts contribute to the amount of row space that is allotted to an individual plant, and others 
are being considered for their potential to have an influence on each plant’s final yield.  Over the 
last eighty years, the agricultural production industry has invested in the precision by which their 
machines and implements consecutively place seeds within the furrow: an industry phrase now 
summarized as “singulation.” Researchers, agronomists, and producers have suggested that more 
uniform plant distributions within the row can both improve and protect final yield.  The purpose 
of this review is to consider these concepts as they can contribute to a plant’s individual space 
and economic component.   
During the past century, numerous authors have examined the effects that within-row 
spacing variation has upon corn plants.  Dungan (1946) examined the performance of corn in 
single-plant hill arrangements versus corn planted in multiple-plant hills across similar 
populations.  Achievement of the single-plant hill design called for narrower rows, and decreased 
distances between consecutive-hills down the row.  The average difference for single-plant hills 
versus multiple-plant hills under given densities across all years comparatively favored the 
single-plant arrangement by 5.4%.  The author noted that the increase of grain yield by single 
plant-hill arrangements across the years resulted from larger and extra ears per plant.  Ironically, 
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in his discussion he stated that in commercial corn production there is not much likelihood that 
producers would ever adopt this method. 
Shubeck and Young (1970) further investigated single-plant hills in a uniformly spaced 
arrangement.  This placed the plant as far from its within-row neighbors as its next row 
neighbors: so dubbed “equidistant planting.”  This planting arrangement was accomplished by 
creating square and staggered plant patterns.  Both patterns were evaluated against similar 
populations spaced in 102 cm parallel rows.  Their results suggested that increasing spatial 
uniformity in every direction does increase overall grain yield.  However, practical limitations of 
the equidistant patterns exist in that increasingly dense stands would require narrower rows.  
Some of which would be mechanically impractical. 
Contrary to the conclusion regarding feasibility made by Dungan (1946), yield-inspired, 
equipment manufacturers began attempts to improve seed spacing, and doing so at increased 
planter speeds.  The research of Erbach et al. (1972) research specifically investigated the effect 
that furrow-opener devices had upon plant spacing uniformity, and how that uniformity affected 
individual plant yield.  In this study, these devices had little effect on within-row plant spacing 
uniformity, and thus little effect on plant yield.  However, they did note that 7% of the variance 
in individual corn plant yield was attributable to a plant’s individual within-row space. 
Many years after the shift to single-plant hill arrangements, Krall et al. (1977) attempted 
to determine if overall yields could increase as a result of more precise with-in row seed 
placement.  Research experiments were conducted in Kansas from 1972 to 1975.  Their results 
indicated that within-row spacing variability (expressed in standard deviations) affected ear yield 
components more than it affected overall grain yield once their stands exceeded a 4 cm standard 
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deviation, maximum precision level.  Regression of their grain yield data showed that yields 
could improve if precision were adjusted to the 4 cm level by a range of 213 (from 6.6 cm 
standard deviations) to 1205 kg ha-1 (from 18.4 cm standard deviations).  However, they state 
that under certain climatic and soil conditions improved planting precision may not increase 
yields.  
In 1979, DeLoughery and Crookston investigated the effects that population density and 
relative maturity had upon the harvest index of corn and subsequent grain yield.  Their study was 
conducted in 1976 at 5 locations within Minnesota.  Ten hybrids representing 5 different 
maturity groups were planted at various densities between 12 300 and 199 900 plants ha-1.  Each 
combination was separated into high-, partial- and non-water stressed environments.  Their 
results showed a close, positive relationship between harvest indices and grain yield.  This is 
relevant to within-row plant spacing as their data also showed that relative harvest index 
decreases with increasing plant population.  Although, this population effect on harvest index 
varied greatly with respect to the amount of water-stress each plot experienced.  For example, 
decreasing within-row spacing by increasing the population from 12 300 to 98 800 plants ha-1.  A 
non-stressed environment resulted in minimal harvest indices changes from 0.44 to 0.42.  
Oppositely, over that same densities range during a partial- and high-stressed season, harvest 
indices changed 0.40 to 0.12 and 0.41 to 0.01, respectively.  Thus, the amount of within-row 
space a plant is given appears to be less crucial under environments with adequate precipitation.  
Edmeades and Daynard (1979) suggested that the assimilate supply available to corn 
plants is a function of the amount of within-row space they are given.  Their study in Guelph 
used a single hybrid planted at densities 50 000, 100 000, 150 000 and 200 000 plants ha-1.  The 
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harvesting of which included taking weight and length measurements for leaves, stems, silks, etc. 
from the entire plant.  As within-row space per plant decreased, they observed that the 
coefficients of variation for grain yield per plant, kernel number and kernel weight significantly 
increased, causing high variability in plant-to-plant performance down the row.  Moreover, the 
means of those yield components decreased.  Regarding their physical measurements, they 
speculated that sink strength of the developing kernels increases with developmental age.  And 
so, as the captured assimilate supply for ear growth is reduced, kernel growth slows from the tip 
to the base of the ear.  Growth of which then halts once the supply level is reduced below their 
combined demand for assimilates.  Plants with greater within-row space, would thus have greater 
assimilate supplies, greater kernel number and kernel weights. 
Johnson and Mulvaney’s (1980) research attempted to develop a model for making 
replant decisions based on a compilation of planting dates, population densities, hybrid 
maturities classes and plant distributions.  They noted that in many of the fields under 
consideration for replanting, the distribution of plant spacing ranged from uniform to different 
size gaps.  When their data was averaged across densities and compared to uniform plant 
distributions, the small gaps (42 to 85 cm long) reduced yield by 1.9% while the large gaps    
(1.5 m) reduced it by 5.4%.  Thus, they concluded that the more uniform plant distributions 
resulted in the greatest yields within a set population density.  However, the extent which the 
presence of gaps affected yield differed across environments, and the overall variation in final 
yield more closely responded to the effects of density as seen by the creation of doubles, nubbins 
(small ears) and barren plants. 
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In Canada, Muldoon and Daynard (1981) studied the effect that variability to within-row 
spacing had upon corn productivity, and examined non-mechanical factors that could affect the 
non-uniformity of by-plant yield.  Two experiments were carried out during the years 1977 to 
1979.  One of which involved the creation of similarly populated stands that had assorted degrees 
of stand variation and seedling size variation.  Their results suggested that yield was essentially 
unaffected by 1 meter long with-in row gaps, and inconsistently reduced by 2 meter long gaps;   
2% and 12% yield reductions, respectively.  Uniform seedling size often resulted in higher 
yields; however, the more noticeable result was the near simultaneous ontogeny of those corn 
plants.  Their second experiment re-examined the effects that single- and multiple-plant hills had 
on grain yield.  On average, they found that yield was not depressed until the number of plants 
per hill exceeded two.  The results of Muldoon and Daynard (1981) demonstrated that variable 
within-row plant spacing, to an extent considered likely encountered in commercial cornfields 
seeded with properly adjusted planters had no significant effect on grain yield.  They suggested 
that achieving uniform seedling size be of greater importance.  
Duncan (1984) defined competition as the reductive influences on a single corn plant’s 
yield that originate from the environment, the planted pattern, and how near and numerous are 
the neighboring corn plants.  In his theory, competition among corn plants consisted of two 
distance derived components, “crowding” and the “effect of crowding, that negligibly affect 
another plant when neighbors are separated by a minimum distance “DMAX.”  Thus crowding 
would be at a minimum in an equidistantly spaced hexagonal arrangement.  His theory explains 
his earlier research, article Duncan (1958), which showed the logarithm of average individual 
corn plant yield bears a negative linear relationship to increasing plant populations.  Duncan 
(1958) also noted that while this trend of grain yield per plant was maintained even at high 
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populations, there also was a tendency for grain yield values at the highest populations to deviate 
more from the regression line than at other populations. 
Experiments conducted from 1980 to 1982 in South Carolina by Karlen and Camp (1985) 
compared grain yields with varying population, with or without irrigation, and with plants grown 
in single rows spaced 96 cm apart or twin rows with seeds spaced 30 to 36 cm apart on 96 cm 
centers.  They found that grain yield consistently increased, by an average of 634 kg ha-1, for 
stands grown in twin rows compared to single rows.  They hypothesized that the improved plant 
distribution within the row reduced competition for water, and tested this by measuring changes 
in soil water content.  Their readings failed to confirm their hypothesis on water utilization, and 
similar analyses regarding improved nutrient-use efficiency with twin-row distribution were also 
nullified 
Bullock et al. (1988) used a quantitative growth analysis on corn to observe the net 
photosynthetic assimilate accumulation on equidistantly spaced plants versus those 
conventionally spaced with a John Deere 71B plate planter.  They accomplished equidistant 
spacing by planting in 38 and 76 cm rows at 139 861 plants ha-1, and then thinning back at the 
V3-V4 stage to 69 200 plants ha-1.  In all of their observations, equally spaced plants yielded 
more than conventionally spaced plants.  Unfortunately, the standard deviation measurements for 
both arrangements were not mentioned.  Increased plant dry weight accumulation was observed 
in equidistant spacing prior to V8, and was thought to result from decreased interplant 
competition for environmental resources.  Relative growth rates of those conventionally planted 
were also diminished, which caused their overall dry weights to be lower.   
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Vanderlip et al. (1988) also examined the relationship between within-row space 
variation and grain yield, but did so to determine how susceptible hybrids varying by time to 
maturity were to such variations.  Over the years 1976 to 1979, 4 non-prolific corn hybrids were 
planted by hand or machine to create low and high levels of within-row space standard deviation, 
or were hand thinned after machine planting to 0, 6, 12, and 18 cm of standard deviation.  Their 
findings indicated that yields were reduced as spacing variability increased, and that hybrids did 
vary in their response to spacing variability.  However, the differences among their locations for 
a given hybrid were as great as the differences among hybrids.  There was no significant 
correlation between irrigation levels and the variance of grain yields.  In all cases, less than 25% 
of the yield variability was accounted for by within-row plant spacing amount. 
Studies of hybrids were also done to test the effects of plant population, rather plant-to-
plant proximity, on yield.  Nafziger (1994) conducted his research in Monmouth and DeKalb, 
Illinois to compare planting date and population.  The two hybrids chosen were planted in 76 cm 
row spacing at populations ranging from 24 700 to 86 500 plants ha-1.  At these densities, 
theoretical average within-row space for individual plants ranged from 15 to 53 cm, respectively.  
His data showed that the population providing the highest yield was 74 500 plants/A; a target 
individual plant space of 17.5 cm.  The author also noted that the ability of hybrids to resist 
barrenness and lodging had improved compared to prior research indicating that smaller within-
row plant-to-plant spacing is becoming increasingly tolerable.  
Kachman and Smith (1995) in Nebraska found mean plant spacing and its standard 
deviation to be largely the result of percent emergence, thus poor descriptors of the within-row 
spacing variability created by planters.  Their research compared the measures for planter 
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performance set forth by the International Organization for Standardization in 1984 against the 
common measures for determining spatial variation, and found that standard deviation and mean 
spacing inappropriately describe the ability of a planter’s meters to singulate seeds into uniform 
stands. They listed the following as mechanical factors that affect plant spacing: the seed 
selection mechanism may fail to select or drop a seed resulting in large spacing between seeds; 
the mechanism may select and drop multiple seeds resulting in small spacing between seeds; 
tube design and soil conditions influence the final resting place of the seed; finally, the seed may 
not emerge resulting in skips between the plants. 
On-farm trials in Illinois, Indiana, and Iowa led by Nielsen (1995) evaluated the effect of 
planter speed on plant spacing variability and final grain yield.  The study was conducted in 1993 
with various planting speeds in field-scale size plots averaging 275-meters in length.  The 
targeted seeding rate for these trials was 65 000 seeds/ha.  Overall, the results of these trials 
showed that increasing the speed of the planter from 6.4 to 11.2 kilometers per hour  caused a 
minimal population increase of 1 976 seeds/ha.  Plant spacing variability due to those increased 
speeds was not significantly affected (α = 0.20), increasing only 0.76 cm of standard deviation 
from the low-to-high speeds.  Grain yields were affected, but the final conclusion for the 
research was that the effect of speed on spacing variability and yield was neither consistent nor 
dramatic.      
Corn grown under droughty conditions requires altered management practices to optimize 
yield.  Norwood and Currie (1996) conducted studies during the 1991 to 1994 seasons in 
southwestern Kansas to determine adequate tillage, planting date and plant population 
management practices for dry land corn.  They collected long-term weather data, and planted 
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their crop at 29 600, 44 500 and 59 300 plants ha-1 throughout May following various tillage 
practices.  Results of their study indicated that plant population in dryland settings should not 
exceed 44 500 plants ha-1.  In other words, individual plant space should be no less than 29 cm.  
Analyses of tillage effects upon soil-water retention indicated that no-till practices consistently 
preserved more of the water resource, and in turn increased yields by 16 to 41% over the 
conventionally tilled corn.  With the evident concern for the limited water resource, stand 
arrangements such as doubles, triples, etc. can cause much lower per-plant yields than typically 
observed with those arrangements under “normal” growing conditions.  
The effects of skips and multiples within a plant stand on final plant yield were examined 
by Nafziger (1996) as both contribute to non-uniform within-row spacing.  Experiments were 
conducted during the 1991 and 1992 growing seasons in Illinois.  Plots were hand-planted with 
two-seeds per hill at the populations 44 500 and 74 100 plant hills per hectare.  After emergence, 
plant thinning left at least two doubles and two skips within each subplot, and plants in different 
spacing situations (e.g., next to skips or doubles, next to uniformly spaced plants) were hand-
harvested separately.  Plants next to doubles produced less grain than those next to skips, and 
planted population magnified this effect.  For example, plants considered doubles each yielded 
10 percent less than the single-plant controls at 44 500 per hectare, and 17% less than at 74 100 
per hectare.  Skips had the reverse effect on a neighboring plant’s yield resulting in 15% more 
grain at the 44 500 hills per hectare control, and 9% more at the 74 100 control.     
Nielsen (1997) stated, “The sins of planting will haunt you all season.”  He was referring 
to the modern corn planter’s capability to uniformly singulate seeds, and the effect that          
mis-positioned seeds have upon grain yield.   Small and large-scale field surveys evaluating plant 
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spacing variation effects (treatment standard deviations from 5 to 30 cm) upon grain yield were 
conducted at more than 350 Indiana locations from 1987 to 1993.  They observed that the 
standard deviation of plant spacing was 7.6 cm or less in 16% of the fields.  About 60% of the 
sampled fields exhibited standard deviations between 10 and 12 cm, while plant spacing 
variability was 15 to 30 cm in 24% of the fields.  Analysis of the surveyed data indicated that 
approximately 156 kg ha-1 was lost for every 2.5 cm increase in within-row plant spacing 
standard deviation. 
As researchers continued to investigate the influence that within-row spatial variation has 
over individual plant yield and final grain yield, substantial efforts were made to educate 
producers about the need to improve singulation through planter adjustment and calibration.  
LaBarge and Thomison (2001) addressed the influences that planting speed, depth of seed 
placement and planter maintenance have on plant-to-plant spacing variation, and suggested 
adjusting planting depth to improve emergence, based on prior years’ seedling mesocotyl length 
observations.  Reductions to field-wide yields via diminished final stand counts and increased 
plant-to-plant spacing variations can result from increased planter speeds causing losses between 
69 and 183 kg ha-1 for each kilometer per hour increase.  Finally, unidentified wear on devices 
such as furrow openers and closers, seed brushes, singulators and drop tubes are similarly able to 
cause the multiple and skip pattern arrangements that increase the plant spacing standard 
deviation.   
An important factor influencing corn production and yield components is available water.  
The 2011 and the 2012 growing seasons produced drought conditions unusual to the central Corn 
Belt, but common for farmers in the western Great Plains.  Norwood (2001) evaluated the effects 
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of planting date, hybrid maturity and population on the grain yield of dry land corn in 
southwestern Kansas.  The hybrids were planted in late April and early May during the years 
1996 to 1999, and were hand-thinned to populations of 30 000, 45 000 and 60 000 plants ha-1.  
Their results indicated that the later-planting date incidentally had more timely rains, averaged 
1506 kg ha-1 more yield, produced larger kernel numbers, and heavier kernel weights than the 
earlier-date.  Increasing population, decreasing the average within-row space, corresponded to 
yields that were reduced by 13.5% from populations 30 000 to 45 000, and 4.3% from 
populations 45 000 to 60 000.  The response of kernel number per ear decreased with increasing 
population for most of the hybrids, whereas kernel weight either declined slightly or did not 
significantly change. 
Doerge and Hall (2002) conducted a two-year, on-farm study to obtain individual plant 
measurements.  In 2000, cooperating producers at 96 locations placed their seeds with “split-
planters” to compare adjusted and unadjusted planter meters that gave different levels of within-
row standard deviation.  Results indicated that as plant spacing within the row improved from 
meter calibration, grain yields appeared to increase 110 kg ha-1 for every 1 cm decrease in 
standard deviation.  In 2001, they further tested the individual plant grain yield response against 
within-row variation by surveying 4 contrasting locations within the Corn Belt.  These locations 
were chosen based on differences in plant spacing uniformity, inter-seasonal growing stresses, 
average yield levels and hybrid genetics reflecting varied relative maturity classes.  Results from 
the surveyed 6 021 plants showed that the change in yield per 1 cm improvement in plant 
spacing uniformity ranged from 27 to 152 kg ha-1; respective to location.  
 
18 
Carlson et al. (2003) expanded on Doerge and Hall’s (2002) summary, stating that a well-
tuned planter operating at reasonable speed minimizes the within-row spacing standard deviation 
by reducing the creation of skips and multiple-plant hills that cause, more so the latter, barren 
stalks and reduced grain weight per ear.  In this analysis, yield loss due to non-uniform plant 
spacing was 100 kg ha-1 per 1 cm increase to standard deviation.  Standard deviation remains a 
widely used standard of measure for within-row plant spatial variation, and targets the mechanics 
of the planter as causative for non-uniformity. 
Lauer and Rankin (2004) similarly measured the response of plant grain yield to spacing 
variability, and attempted to determine if there exists a common threshold where variability 
begins to affect that yield.  Data was collected over 24 Wisconsin environments from the years 
1998 to 2000.   From which, they observed that the standard deviation of plant spatial variability 
typically ranged from 4 to 17 cm.  Their repeated deviating spacing patterns indicated that 
exceeding a 95% confidence interval range of 9 to 14 cm incurred by-plant yield reductions.  
They too agree that the term standard deviation does not always convey a meaningful assessment 
of a stand’s composition regarding how the uniformity variations were created.  However, they 
stated that the plant spacing variability typically observed in a producer’s fields does not 
significantly alter overall grain yield.  
As the years progressed, economically optimal populations increased due to improved 
hybrid tolerance.  The advent of which has continued the debate over whether variations of plant-
to-plant spacing uniformity have any real effects on the grain yields of modern hybrids.  Nielsen 
(2004) further examined this topic using large field plots to observe the final yield response 
resultant to high-density stands (96 000 seeds/ha) placed in repeatable patterns.  Repetition was 
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achieved with customized seed discs that altered seed drop patterns, and generated standard 
deviation levels of 5, 7, 11, 16 and 21 cm.  Notably, neither emergence nor planter calibration 
had any significant effect on the final standing populations.  Their results indicated a negative 
linear relationship between corn grain yield and plant-to-plant spacing standard deviation        
(55 kg ha-1 cm-1), which accounted for 97% of the variability in grain yield for these experiments. 
Planter speeds have increased in response to mechanical improvements.  Research from 
Staggenborg et al. (2004) examined how planter speeds and the improved devices affect 
emergence rate, plant spacing variability and final grain yield.  Studies were conducted during 
2001 and 2002 at two Kansas locations using a planter equipped with vacuum seed metering 
systems, with and without seed-firming devices, and traveling at speeds 6 to 12 kilometers per 
hour.  Plant density was negatively affected by speed, but inconsistently improved when seed-
firmers were present.  At all locations, increasing speed correlated with increased plant spacing 
variability.  Again, seed-firmers inconsistently lowered plant spacing variability.  Emergence rate 
and final grain yield were unaffected by speed, seed-firmer, or both.  From this study, the 
researchers conclude that producers should focus on achieving correct seeding rates and 
subsequent plant densities, and not wholly on plant-to-plant spacing uniformity.   
Liu et al. (2004a) examined the hypothesis absolute plant spacing uniformity is required 
to achieve maximum corn yield potential at their research stations in Ontario.  To create spacing 
non-uniformity, Liu et al. (2004a) planted mixtures of Roundup Ready and conventional corn at 
69 100 plants ha-1.  Stands were thinned with a glyphosate, [N-(phosphonomethyl) glycine], 
application at the vegetative stage V3 resulting in spacing standard deviation values from 6 to 16 
cm.  When their data was combined over both locations and years, researchers observed no 
 
20 
significant grain yield response due to within row spacing variability.  Numerically compared to 
their “6 cm” control treatment, the slope coefficient of regression indicated a grain yield decrease 
of 32.5 kg ha-1 for each 1 cm increase in spacing deviation.  Multiple regression analyses 
determined that short and long gaps, doubles and skips explained 77% of the variance in plant 
spacing standard deviation.  Furthermore, they determined each plant-to-neighbor arrangement’s 
contributable weight to the spacing standard deviation values which follow: long gap > multiple-
plant clusters > short gap > doubles.  
Further research by Liu et al. (2004b) examined how variation in plant spacing and 
temporal emergence affect corn grain yield.  Plots contained machine- and hand-planted rows at 
the population 67 000 plants ha-1.  Within-row space variability treatments were uniform spacing 
having plants 19 cm apart, two-plant hills 39 cm apart, and three-plant hills spaced 58 cm apart.  
Measured standard deviation values for within-row plant spacing were 2, 10 and 17 cm.  
Experimental results indicated emergence delays that were separated by two leaf stages reduced 
grain yield, whereas plant spacing variability did not.  Although, corn plants situated in multiple-
plant hills yielded 11% less grain than the single-plant hills, and those next to the 39 and 58 cm 
gaps yielded 9 and 19% more grain, respectively.  Delayed emergence effects of two and four 
leaf stages across all spacing patterns resulted in a 35 to 47% and 72 to 84% yield decrease per 
plant, respectively.  Researchers concluded that field typical within-row spacing variation has a 
minimal effect on plant growth and yield, so long as the established plant population is adequate 
and of similar development.  
Martin et al. (2005) studied by-plant yield variation instead for on-farm production 
environments ranging from Argentina to Nebraska.  The data collected described plant-to-plant 
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grain yield in terms of standard deviation, coefficient of variation, and yield range.  Their results 
showed that the standard deviation of corn plant productivity increases with increasing final 
yields; however, the coefficient of variation for those consecutive within-row plant yields was 
negatively correlated with mean grain yield.  The range of by-plant yields also increased with 
average corn grain yields.  Researchers proposed that the common components that create 
within-row stand variability (planting depth, tillage, compaction, moisture, etc.) also influence 
plant-to-plant productivity variations.  Their research also suggests that precision yield monitors 
are limited in their ability to accurately describe yield variability over a large standing area.  
Furthermore, yield may then only be averaged over 0.5 to 0.6 meters of row length, so as to 
adequately describe the variation of by-plant yields. 
Hashemi et al. (2005) examined how crowding stress, resultant to field populations and 
variable within-row spacing, influenced the response of corn yield and its components.  Their 
study was conducted during 1986, 1987, 1998, 1999 and 2000 at locations in Massachusetts and 
Iran.  Hybrids were overplanted and hand thinned to densities ranging from 2 400 to 120 000 
plants ha-1.  Crowding comparisons were made against the lowest planted population as it was 
assumed to lack any measurable plant-to-plant competition.  Kernel weight declined as 
population increased from 30 000 to 120 000 plants ha-1 between 9 and 21%; however, as 
population increased, the decline in yield was mostly due to kernel number reduction.  The 
harvest index measurements indicated that plant-to-neighbor crowding had little influence over 
assimilate partitioning.  Their research concluded that plant-to-plant competition occurring at V5 
to anthesis and anthesis to grain filling had the greatest negative effect on final grain yield         
(8 to 21% and 6 to 22%, respectively).   
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Andrade and Abbate (2005) determined that within-row spacing variation controls by-
plant grain yield by altering the phenological and ontogenical characteristics of each crop species 
and their cultivars.  Corn and soybean varieties were planted at optimal populations for the 
Buenos Aires Province in Argentinian (corn crop at 80 000 plants ha-1).  Stand patterns for the 
corn and soybean research plots accounted for uniform and thinned arrangements representing 2, 
7 and 12 cm of plant-to-plant spacing standard deviations.  Combining their control and non-
uniform spacing data indicated that increasing the within-row spacing coefficient of variation 
(CV) decreased individual corn plant yield by -0.219 g CV-1.   By increasing the plant spacing 
CV, the variance in the vegetative biomass data also increased.  This substantially reduced yield 
when the biomass CV exceeded 30%.  Their findings indicated that corn did respond to stand 
spacing uniformity as a result of vegetative biomass and harvest index instabilities whereas 
soybean did not.   
In Argentina, Sarlangue et al. (2007) evaluated crop yield response to within-row 
crowding created by changes in population.  They set out to determine how a hybrid’s 
characteristic biomass plasticity and assimilate partitioning to reproductive organs influenced 
that response’s magnitude.  Their experiments were carried out with hybrids of different maturity 
classes sown at numerous populations between 40 000 and 150 000 plants ha-1.  Their results 
indicated that corn yield responded to plant density, and the degree of that response increased in 
shorter season hybrids due to low biomass plasticity that limits their ability to intercept solar-
radiation at low populations.  The longer season hybrids were observed to have greater 
reproductive sink capacities which allowed them to compensate for crowding in the range of 
densities by increasing kernel weights.  This work offers prophylactic advice to producers whose 
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fields frequently have high within-row space standard deviation.  Researchers suggest planting 
longer season hybrids to smooth out plant-to-plant yield and biomass variability. 
As with stand density, nitrogen fertilization is a management factor that markedly affects 
corn crop development.  Research by Rossini et al. (2011) in Argentina sought to describe the 
influence that stand densities and variable N-rates have over development regarding plant growth 
rates, ear growth rates and number of kernels per plant during the early-reproductive and silking 
development stages.  Two hybrids, defined by their crowding tolerance, were cultivated with 
different combinations of stand density (60 000, 90 000 and 120 000 plants ha-1) and N supply (0 
and 200 kg. of N ha-1 fertilized at V6).  Analysis of their density by contrasting Nitrogen-supply 
response data indicated that increasing crowding and competition for limited resources causes 
reductions to plant biomass and kernel number per plant (39 to 72% loss of kernel number).  
Interestingly, fertilization with Nitrogen reduced plant-to-plant variations in kernel number and 
biomass partitioning, suggesting that this management practice could reduce the effects provoked 
by accidental non-uniformly spaced plant stands.      
Regarding accidental non-uniform plant stands, Coulter et al. (2011) examined 
randomized stand reduction to determine how the timing and pattern of that reduction affected 
corn yield loss, and to observe which yield component, kernel weight or kernel number, was 
most influenced.  Experiments were conducted from 2006 to 2009 in Illinois, Iowa and Ohio.  
Corn populations were initially established at 111 000 plants ha-1 by mechanical planting, hand 
thinned to 89 000 plants ha-1, and later reduced to the densities 74 100, 59 300 and 44 500 plants 
ha-1 through both uniform and randomized stand reduction at stages V5, V8, V11 and V15.  They 
concluded that the stand pattern resultant to the manner of stand reduction significantly affected 
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the standard deviation of within-row plant spacing.  In other words plant-to-plant space standard 
deviation is not created equal.  However, this study showed no significant grain yield response to 
within-row plant spacing standard deviation.   As a percent of the control, grain yield responded 
negatively up to 50% stand reduction, and was most substantial at V11 and V15 (69% of the 
control).  The effects of reduction were more severe at lower rather than high populations.  
Results showed that by-plant grain yield does not have and exact static response to reductions in 
plant-to-neighbor competitions.  They attributed this plasticity to corn’s known kernel number 
instability. 
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MATERIALS AND METHODS 
 
Experiments were conducted in 2011 and 2012 at the Crop Sciences Research and 
Education Center at Urbana, IL (40°5’0” N, 88°13’38” E, elevation 217 m).  The soil type is 
Drummer silty clay loam (fine-silty, mixed, mesic Aquic Haplaquoll).  This soil is highly 
productive. 
The corn hybrid ‘Pioneer Brand 0916’ (109-d RM) was used and discontinued after 2011, 
and ‘DeKalb Corn Brand 61-88’ (111-d RM) in 2012.  Both hybrids are rated as tolerant to 
droughty conditions, and are rated as moderately tolerant to common foliar diseases.  Plots were 
planted at 222 400 seeds ha-1 in 2011 and 197 700 ha-1 in 2012, within an area 6.1 m (8, 76 cm 
rows) wide by 15.9 m long.  These planting densities are more than twice normal planting 
densities.  Previous crops were soybean in both years, spring tillage preceded planting, and N 
was applied at 190 kg ha-1 in the form of 28% urea-ammonium nitrate before final tillage.  
Weeds and pests were appropriately and adequately managed.  The 2011 planting was on May 
2nd, with and thinning at V1 on May 20th.  In 2012, planting was on April 19th, and thinning at 
V2 on May 15th.  
Thinning was accomplished in two stages using sharpened putty knives to cut seedlings 
beneath the crown with minimal disturbance to the roots of the remaining plants.  The 
approximate 20 seedlings m-1 of row were first thinned to 15 plants leaving a uniform stand.  The 
second thinning reduced the final stand to 5.7 plants m-1 of row (74 100 plants ha-1) by randomly 
selecting and removing 150 of the 240 plants numbered for removal.  
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Plants were re-numbered, and within-row spacing variation measurements were taken at 
crop maturity by recording the distances from each plant to their within-row, neighboring plants. 
The space occupied by each plant was calculated as half the distance between the plant’s two 
neighbors, and is referred to as “individual plant space.”  “Usable space” is defined as the sum of 
the distances to a plant’s immediate within-row neighbors.  Individual ears were hand-harvested, 
dried, shelled, and the grain weighed.  Kernel weights were determined by weighing 250 kernels 
from each ear.  Total grain yields and kernel weights for every ear were corrected to standard 
moisture 155 g H20 kg
-1. 
The effects imparted by individual plant space were examined using linear regression 
analysis.  Plant grain weights, kernel weights and kernel numbers were regressed against the 
space occupied by the plant. To establish whether there existed any influence upon plant grain 
yield beyond each plant’s nearest neighbor on both within-row sides, those plant’s grain yields 
were regressed against the space occupied by 5 consecutive within-row plants; the central plant 
of which was the grain yield respondent in question.   
To examine whether the position of a plant within its space can affect yield average, 
kernel number and kernel weight, correlation and simple regression analyses were conduced to 
survey the relationship between per-plant grain yield criterion, and the plant’s distance away 
from the center.  Expanding upon that "distance," plants were categorized by the position within 
their space within in the row as either in the center one-third of that space, or in the outer two-
thirds of that space that adjoins its two neighboring within-row plants.   
Efforts were made to observe any effect on plant grain yield that resulted from the 
possible presence of any interplant competition.  Simple regression was used to compare each 
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plant against the average grain weight of its two immediate within-row neighbors.  Furthermore, 
each plant’s grain yield was charted as a function of that plant’s order down the row from which 
it occurred; separated by year.  The sample collected from this research is notably small when 
compared to the population and area contained in a farmer’s field.  Thus any meteorological 
influences (precipitation volume, wind, radiation flux, etc.) upon the plants were considered the 
same within each year of the study, and were not assessed as to having separate effects on by-
plant grain yields.    
Data was analyzed using the functions within the Microsoft Excel 2010 and SAS 9.3 
software, and by the procedures described by Durbin and Watson (1950) and Snedecor and 
Cochran (1967).  All measurements were evaluated separately in 2011 and 2012, and also as 
combined across years.  Trend and data significance were then assessed at an alpha level of 0.05 
unless otherwise noted.   
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RESULTS AND DISCUSSION 
 
Growing conditions during the 2011 season were began favorably although rainfall was 
less than normal during the months July through October (Table 1).  Unusually warm and 
moderately dry weather conditions during the 2011-2012 winter caused soil moisture and 
shallow ground water levels to remain much below seasonal averages (Illinois State Water 
Survey, 2013).  This was followed by drought conditions in May, June and July, 2012 when the 
water deficits grew substantially (Table 1).   
Table 1.  Monthly rainfall totals and average temperatures in 2011 and 2012, along with 30-year 
averages for Urbana, IL.  Information retrieved from the Illinois State Water Survey (2013). 
 
   
                   ------- Temperature, oC -------                 ------- Precipitation, cm ------- 
 
Urbana, IL                 2011       2012       30-yr. Avg.                2011       2012       30-yr. Avg. 
                                                                                                       
               April                 17.8        18.3    11.3               18.7         5.8              9.6 
               May                  22.2        27.1             16.9           12.5         7.8             11.7 
               June                  28.4        29.5             22.1                       10.6         5.7            10.6 
               July                   33.0        35.1             24.0                        4.0         1.5             10.2 
               August              31.1        30.6             23.0             4.4        14.1             9.1 
               September        23.8        24.3             18.8                         6.9        14.5             8.3 
               October      20.0        16.2             12.2             6.2 13.8           8.8 
 
Thinning resulted in similar plant-to-plant spacing standard deviations equal to 9.6 and 
8.7 cm in 2011 and 2012, respectively.  Although similar, the within-row spacing variability we 
created produced standard deviation values higher than the 5.1 to 7.6 cm typically observed in 
producer’s fields (Doerge and Hall, 2002; Lauer and Rankin, 2004; Nielsen, 2004).  Average 
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2011 and 2012 plant yields of the different hybrids were also similar at 185.0 and 179.8 g, 
respectively.  Statistical comparisons between the two yearly plant-to-plant standard deviation 
values and the averages for individual plant grain yield indicated that there were no significant 
differences (p = 0.16; p = 0.20, respectively).  These average grain weights were high when 
considering the harsh weather reportedly experienced by more than 2 000 U.S. counties.  
Furthermore, when extrapolated to the experiments “target density” 74 100 plants ha-1, calculated 
field-wide yields totaled 13 710 (2011) and 13 323 kg ha-1 (2012).  Thus we cannot claim that 
the two Urbana, IL environments were uniquely affected by the droughty conditions, and cannot 
show that each hybrid’s yield sensitivity to the within-row spacing variability created 
significantly differed from one another.   
The overall regression of individual plant space by ear grain weight data combined across 
years indicated that as the within-row space occupied by a plant increased per 1 cm, plant grain 
weight significantly increased by 1.14 g (Fig. 1).  But, this relationship differed by year.  The 
2011 linear regression indicated that plant grain weight did not significantly respond to each 
plant’s allotted individual space (Fig. 2); which is consistent with the research of Erbach et al. 
(1972), Lauer and Rankin (2004) and Liu et al. (2004a).  In 2012, plant grain yield increased by 
2.5 g for every 1 cm increase in individual plant space (Fig. 3); reaffirming other positively 
correlated research (Dungan, 1946; Johnson and Mulvaney, 1980; Vanderlip et al., 1988; 
Nielsen, 1997; Doerge and Hall, 2001).   
The data were also analyzed to determine if the nearness or spacing of each plant’s 
second consecutive within-row neighbor on both sides extended a similar effect upon that plant.  
Similar to the previous findings in 2011, there was no significant response to the space occupied 
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by those 5 plants on each central plant in question.  However, in 2012, each central plant’s grain 
weight increased 1.0 g for every 1 cm increase in the space occupied by those 5 plants (Fig. 4).      
Figure 1.  The individual plant space (cm) by grain weight per ear (g) combined across years 
(2011-2012). 
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Figure 2.  The 2011 regression analysis for individual plant space (cm) by individual plant grain 
weight (g) data. 
 
Figure 3.  The 2012 regression analysis for individual plant space (cm) by individual plant grain 
weight (g) data. 
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Figure 4.  The 2012 regression analysis data for the space (cm) occupied by 5 consecutive, 
within-row plants by the central plant's grain weight (g). 
Similar yearly yield averages suggested that the increasing water stress in 2012 did not 
depress yields at this location-year more than the 2011 location-year.  Resource-uptake plasticity 
characteristic to the 2012 hybrid may have allowed those plants with larger within-row spacing 
to compensate for those plants with smaller individual spaces by having improved resource 
supply, which may have been of positive correlation with larger spacing.  Standard deviation 
about the trend lines similarly suggests that greater yield fluctuations about the yield means 
occurred in 2012 compared to 2011; 64.8 g and 46.2 g (p < 0.0001), respectively (Fig. 2; Fig. 3).   
Numerous combinations of neighbor-to-plant-to-neighbor spacing compose each plant’s 
within-row space measurements.  For example, 20 cm may be resultant from plant neighbors 4 
and 36 cm away, 20 and 20 cm away, etc.  Bearing this in mind, dissimilar crowding competition 
created by the numerous plant-to-plant spacing combinations may have provoked the observed 
yield fluctuations observed for each plant spacing measurement.  As mentioned in past literature, 
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competition between two within-row neighbors most often concerns the capture of 
photosynthetic radiation (Duncan, 1958; Tetio-Kagho and Gardner, 1988; Liu et al., 2004a).  
However, the fundamental ability of these plants to compete relates to the nearness and size of 
both within-row and across row neighbors (DeLoughery and Crookston et al., 1979; Rossini et 
al., 2011).  
As singulation (the accurate release of single seeds at pre-determined intervals) has 
improved from increased industry attention, field-wide plant-to-plant spacing deviation has 
reduced.  Average spacing, thus, has come closer to that characterisitic to populations set by the 
producer.  Spacing deviations result from factors inhibiting emergence, and physical movement 
along the furrow.  Relative solely to seed bounce and roll within the furrow in this study, 
researchers have investigated planter speed, furrow-opener and –closers, seed-firming devices, 
etc. to determine their influence on field-wide yield (Erbach et al., 1972; Nielsen, 1995;             
La Barge and Thomison, 2001; Staggenborg et al., 2008).  However, their results were not in 
agreement regarding the extent to which per-plant grain yield was influenced by the plant’s 
position between its neigbors.  
Data from this research inconsitently found that plants placed in the center one-third of 
their usable space have a greater ability to maintain or increase their yields relative to plants 
located outside the center third of their space.  In 2011, the trends regarding both data categories 
were non-significant as usable space increased (Fig. 5).  In 2010, both the center and outer one-
third categories did give significant positive trends (Fig. 6).  Although, the slopes and intercepts 
of these 2012 regression equations were nearly identical, and their confidence intervals overlap 
indicating no difference between the effects of the proposed categories (Table 2).  Lauer and 
 
34 
Rankin (2004) submitted a similar opinion that spatial variation by these often adaptable plants 
may not be of as much conern as delayed temporal development variations within the row.   
Across the years, there appeared to be no kernel weight response to the increasing kernel 
numbers of those plants in the center of the space between their two neighbors (Figure 7).  Those 
plants closer to their neighbors, however, showed 0.9% decrease (approximately 3.7 mg) in 
kernel weight from the average as per-plant kernel number increased (Figure 7).      
The structure of this experiment was not initally intended to comment on the precision 
with which a seed must be placed near the center between its neighbors; rather how much space 
does each plant need within the row.  These results suggest that ear grain yield is not enhanced 
when plants are placed accurately in the center of a target within-row space over those 
accidentally misplaced from the center.  Rather, yield appears more predictable by the amount of 
within-row space that the plant can be given (Hulting, 1994; Van Roekel and Coulter, 2011).  
The smaller kernels that result from decreasing the distance to within-row neighbors is similar to 
past research findings that examined the effects of increasing plant population and plant-to-plant 
competition research (Fig. 7) (Edmeades and Daynard, 1979; Kiniry et al., 1990; Borras et al., 
2003; Hashemi et al., 2005).  Re-examining the conclusion in this manner supports the idea that 
central placement between within-row neigbors is supra-optimal to placement offset from the 
center, and can help optimize yield; which is the hope for those equipment manufacturers and 
niche marketers.  
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Figure 5.  Regression of the 2011 space (cm) by plant grain weight (g) data divided into two sets; 
those plants in the center one-third of their space, and those plants outside of the center one-third 
of their space.  
 
 
Figure 6.  Regression of the 2012 space (cm) by plant grain weight (g) data divided into two sets; 
those plants in the center one-third of their space, and those plants outside of the center one-third 
of their space. 
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Table 2.  Confidence intervals for the the 2012 space (cm) by per-plant grain weight (g) 
regression analysis in Figure 6. 
 
 2012   Intercept     X Variable 
             Center 1/3rd,  Outside center 1/3rd           Center 1/3rd,  Outside center 1/3rd 
Coefficient     133.5        136.3       2.369      3.330  
Std. Error      9.34         9.44        0.487      0.459   
t Stat      14.28        14.42       4.859      5.574  
P-value  p < 0.0001  p < 0.0001  p < 0.0001 p < 0.0001   
Lower 95%     115.1             117.6       1.408      1.654  
 Upper 95%     151.9        154.9       3.330      3.465    
 
 
 
Figure 7.   Regression analysis comparing the plant placement categories by the effect of per-
plant kernel number on kernel weight (expressed as a percentage of each categories average 
kernel weight across the years; “Center 1/3rd” = 398 mg and “Outside center 1/3rd” = 391 mg). 
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It has been shown that within-row space has neither a consistent nor predictable influence 
on a plant’s grain yield response (Muldoon and Daynard, 1981; Vanderlip et al., 1988; Liu et al. 
2004a; Nielsen, 2004).  Within-row interplant competition and crowding effects that result from 
differences in soil and environmental conditions may explain why such a response is often 
inconsistently observed.  Previous harvest index research mentions that the dimensions of plants’ 
aboveground architecture and biomass down the row are often positively correlated to the grain 
quantity they produce (DeLoughery and Crookston, 1979; Cox and Cherney, 2001; Liu et atl., 
2004a; Andrade and Abbate, 2005; Hashemi et al., 2005).  Moreover, these researchers have 
found that as the established field population becomes increasingly large, harvest index often 
moves toward zero.  Therefore, it may be possible to deduce if any variable interplant 
competition, created by the unique proximities and sizes of neighbors, contributed to the lack of 
and confirmed responses to individual plant space in 2011 and 2012, respectively.   
In both 2011 and 2012, each plant’s grain weight was positively correlated with the 
average grain weight of that plant’s within-row neighbors (Fig. 8) (Fig. 9).  The positive 
correlation perhaps suggests that neither sun radiation to each plant was limited through leaf-
over-leaf shading, nor did major temporal development delays exist as consecutive plants tended 
to be as similarly large or small in physical stature as the next.  If each plant’s productivity were 
emergence or radiation-limited by leaf-to-leaf overlap, the yield-to-stature trend would instead 
resemble a close-to-zero or negative relationship.  As shown earlier, competition in 2011 was not 
a function of an individual plant’s space.  Thus these considerations together suggest that 
interplant competition above- and below-ground was not present at this location-year.  In 2012, 
however, more of the variation to individual plant yields was explained by within-row neighbor 
proximity.  Here, below-ground interplant competition effects for water and nutrient uptake may 
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have been more prominent, and were possibly relieved by increasing the distances between 
within-row plants. 
Despite the different 2011 and 2012 results regarding whether inter-plant competition 
existed and whether individual within-row space affected per-plant grain yields, both years 
indicated that high average weights of adjoining plants meant high weights of center plants.  
Such apparent similarities between neighbors would mean that by-plant yields down the row 
both rise and fall in waves or segregated peaks of high and low yield.  As it happens, this was 
precisely observed in both 2011 and 2012; Figures 10 and 11, respectively.  The occurrence of 
which suggests that plant-to-plant ear size and grain yield variability is more a function of a 
plant’s location down the row, and in the field, rather than its positioning between its within-row 
neighbors.  Martin et al. (2005) noted that with increasing average yields, the range of plant 
yields observed down the row increases.  Each plant’s yield dependence upon location could 
arise from specific features included in the micro-environments around or below each plant; 
which are not limited to known emergence dynamics, the presence of residue, localized pests, 
changes in soil characteristics and texture, etc. 
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Figure 8.  The 2011 response of individual grain yield (g) for a plant as a function of its 
neighbor’s average grain yield (g).      
 
 
 
Figure 9.  The 2012 response of individual grain yield (g) for a plant as a function of its 
neighbor’s average grain yield (g). 
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Figure 10. The response of individual plant grain yield (g) to each plant’s ordered location down 
the row for 2011. 
 
 
Figure 11. The response of individual plant grain yield (g) to each plant’s ordered location down 
the row for 2012. 
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The fact that by-plant yield was found to be positively correlated with the yield of a 
plant’s two nearest within-row neighbors suggested that there were yield trends and zones of 
possible high and low yield potential down the row.  This is apparent by the wave-like tendency 
of plant grain yield as shown down the row, and does not share a similar degree of randomization 
that was produced for the plant-to-plant spacing by thinning (Figure 10) (Figure 11).  The 
occurrence of this correlation suggests that by-plant grain yield may be more influenced by 
location within a row, within a field than the amount of row space that the plant occupies.  To 
examine whether location altered the response that plant grain yield had to individual space, the 
original regression data were detrended by subtracting the average of each plant and it's four 
within-row neighbors on both sides' grain yield (9 plants total) from that central plant's yield.  
The returned difference was then added to the specific year’s overall yield.  This method created 
a base-line level of by-plant yield potential for each year that was either increased or reduced by 
the yield difference as a result of an unknown factor that this study argues is individual within-
row space.  
Detrending the data successfully removed the observable yield "waves" down the row, 
and created a visually more random scattering of by-plant yields (Figure 12) (Figure 13).  Similar 
to the original analyses, the 2012 regression trend significantly increased by 1.01 g per cm of 
row (Figure 14). The 2011 trend did not (p = 0.22).  Detrending the data to remove the effect of 
location within the row significantly reduced the standard deviation of by-plant grain yield 
within each year.  In 2011, adjusting the by-plant grain yields lowered standard deviation to 37.0 
g, and, in 2012, the standard deviation was lowered to 42.4 g.  Data from this detrending analysis 
similarly indicated to 2011 that plants placed in the center one-third of their space versus the 
outer one-thirds were no more able to increase their grain yield when more within-row space was 
 
42 
occupied.  However, in 2012, the trend and results of this separated regression showed that plants 
located in the outer one-thirds of their space were able to increase by-plant grain yield by 1.47 g 
when the plants occupied more space (Figure 15).  Plants in the center one-third of their space in 
2012 showed no significant or greater response to increasing within-row space.   
The influence that location within the row had upon the response of by-plant grain yield 
to the space each plant occupied was not overwhelming.  Reduced standard deviation for by-
plant grain yield each year suggests that within-row plant space explains less of the variability in 
plant grain yield than originally believed.  Interestingly, in 2012, plant placed in the outer one-
thirds of their space responded to the increasing within-row space where as those in the center 
one-third did not.  This may suggest an increased presence of interplant competition when a pant 
was nearer to its neighbor at this location-year.  Detrending the data in this manner did not 
appear to add any potential economic relevance to the findings previously discussed. 
Figure 12. The response of adjusted individual plant grain yield (g) to each plant’s ordered 
location down the row for 2011. 
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Figure 13. The response of adjusted individual plant grain yield (g) to each plant’s ordered 
location down the row for 2012. 
 
 
Figure 14.  The 2012 regression analysis for individual plant space (cm) by adjusted individual 
plant grain weight (g) data. 
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Figure 15.  Regression of the 2012 space (cm) by adjusted plant grain weight (g) data divided 
into two sets; those plants in the center one-third of their space, and those plants outside of the 
center one-third of their space. 
Ear grain yield is the product of kernel weight and kernel number components, which 
often have an inverse relationship (Kiniry et al. 1990).  As individual plant space within the row 
decreases due to increased planted densities, both kernel weight and number typically decrease, 
with kernel number decreasing more rapidly than kernel weight (Hashemi et al., 2005).  Kernel 
number has been shown to respond to competition relief through late-vegetative stages (Coulter 
et al., 2011).  The response of kernel weight to within-row spacing and stressful weather 
conditions, on the other hand, has been demonstrated to be minimal in either direction 
(Norwood, 2001; Lauer and Rankin, 2004).  
Mean kernel weights were 354 mg in 2011 and 428 mg in 2012, and were significantly 
different (p < 0.0001).  Mean kernel number of corn ears also differed (p < 0.0001) between 
years, averaging 441 kernels in 2011 and 344 kernels in 2012.   
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The extent to which both kernel number and kernel weight responded to within-row 
spacing variation differed during 2011 and 2012.  In 2011, neither kernel weight nor kernel 
number responded to the within-row space given to each plant (Fig. 16).  This finding is 
consistent with other research regarding corn response to variable within-row plant spacing 
(Erbach et al., 1972; Muldoon and Daynard, 1981; Liu et al., 2004a).  However, in 2012, both 
kernel weight and kernel number responded to individual plant space.  For every 1 cm increase 
in individual space weight per kernel increased by 2 mg, and kernel number per ear increased 
2.96 (Fig. 16).    The increasing kernel weights correlating to more within-row space in 2012 
suggests that the lower average kernel number compared that in 2011 likely limited the season’s 
yield potential, and that the increasing weights could only partly compensate for the diminished 
kernel numbers.  Past research has identified the bracketing-silking corn development stage as 
the period when kernel number is most susceptible to stressful environmental conditions; from 
which, kernel number reductions can occur 2 to 3-weeks afterward or during periods of low 
photosynthate supply (Tollenaar and Daynard, 1978; Boyle et al. 1991; Cirilo and Andrade, 
1994; Otegui, 1997; Elmore and Abendroth, 2006).  Thus a developmental timing and late-
season rain accumulation coincidence in 2012 may have contributed to significant stress relief 
after a droughty period that could have resulted low kernel weights, or kernel abortion. 
In 2011, kernel number and kernel weight values appeared to have a slight negative trend 
with no significant relationship.  This finding is similar to results from other reports (Kiniry et 
al., 1990; Borras et al., 2003) (Fig. 17).  In 2012, however, the data instead showed a significant 
positive relationship (0.43 mg per additional kernel) (Fig. 18).  In earlier research, kernel weight 
did not increase in response to individual kernel removal, or the removal of entire ear portions 
(Tollenaar and Daynard, 1978; Jones and Simmons, 1983).  The results in 2012 indicated that 
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kernel weights and kernel numbers both increased as each plant was allotted more within-row 
space (Fig. 18).  However, one similar correlation did occur in Kansas during its droughty 1997 
season (Norwood, 2001).  Their dryland corn planted at two timings showed that the latter date 
had increased both their kernel number and weight over the initial date.  Their conclusions 
asserted that the occurrence of these seemingly positively coupled yield parameters resulted from 
the coincidence of rainfall events happening at specific critical corn growth stages; e.g. potential 
ear formation at the five-leaf stage, potential kernels at the twelve-leaf stage, and kernels per row 
at the seventeen-leaf stage (Muldoon and Daynard, 1981; Ritchie et al., 1997; Elmore and 
Abendroth, 2006).  The earlier 2012 planting date and rain events that occurred prior to mid-June 
and during August may have allowed development of the observed plant kernel number and 
weight relationship.   
 
 
47 
  
 
Figure 16.  Kernel weight (mg) and kernel number as a function of the space available to a single 
plant (cm), 2011 and 2012. 
 
 
Figure 17.  The kernel number by kernel weight (mg) relationship for 2011. 
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Figure 18.  The kernel number by kernel weight (mg) relationship for 2012.                                   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
y = 0.4378x + 278.03
R² = 0.3065 *
0
100
200
300
400
500
600
700
0 100 200 300 400 500 600 700
W
ei
gh
t 
p
er
 k
er
n
el
, m
g
Kernel number per plant
 
49 
SUMMARY AND CONCLUSIONS 
 
 
Growing conditions in 2011 and 2012 differed substantially.  The 2011 season began 
with above average rainfall, warmed slowly after a late-March snowfall event, and experienced a 
hot and dry period in July and August.  The 2012 growing season was very dry and warm until 
early August, when conditions moderated.  Despite these differences, average per-plant grain 
yields in this study were similar in the two environments. 
In 2011, within-row plant spacing standard deviation was created by thinning, and 
measured 9.6 cm with a final stand of 74 100 plants ha-1.  There was, however, no association 
between space available to each plant within the row and that plant’s grain yield.  In contrast, 
with a statistically similar plant spacing variation (s = 8.7 cm) to 2011, plants of a different 
hybrid grown in 2012 produced 2.5 g more grain per ear for each 1 cm increase in within-row 
space.  In specific environments having diverse conditions of stress, certain corn hybrids may 
have a greater ability to compensate for within-row plant spacing variations more so than others, 
but was not observed in this study.   
Some researchers indicate that many, not all, producer’s fields presently receive field-
wide within-row spacing standard deviation measurements low enough for optimal crop potential 
due to existing planter meter and unit technology (Nielsen, 1997; Doerge and Hall, 2002; Lauer 
and Rankin 2004).  Therefore, any efforts from producers or agronomists to improve average 
individual space and stand uniformity would be appropriately done so to protect the possibility of 
optimizing a crop’s yield potential, and not assuring it.   
The response of grain yield to a plant’s placement within its space toward one neighbor 
or toward the center contrasted by year.  In 2011, a plant’s grain yield had no significant 
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advantage or disadvantage when placed more near a within-row neighbor as compared to the 
center one-third of its space In 2012, per-plant grain yield for plants in both categories did 
respond to the increasing within-row space between neighbors.  However, the slopes and 
intercepts of the regression equations were virtually identical, thus not allowing us to claim that 
plants precisely placed in the center one-third of their space were better able to maximize their 
yield over plants offset closer to a neighbor.  Combining the per-plant kernel number by kernel 
weight data across years indicated that plants more near their neighbors saw a significant 
reduction in the kernel weight as kernel number increased.  Lack of a distinct trend for plants in 
the center one-third of their space prevents us from claiming that this arrangement is better for 
yield component optimization.  Interestingly, observation of a plant’s yield by location in the row 
and in the field without regard for the promixities of its within-row neighbors suggested that a 
plant’s geographical location may overshadow the influences of indvidual within-row space and 
a plant’s positioning within that space.  Although, the fact should be apparent to any producer 
that allowing multiple plants to be repeatedly placed “on top” of eachother would award them no 
yield benefit. 
This study incorporates only two years of data that occurred during a nationwide drought 
cycle.  Thus it would be interesting and possibly more conclusive if years having more average 
temperatures and precipitation were added.  However, the importance of careful planting cannot 
be overstated when considering the rising cost of seed corn and specified populations that aid 
yield optimization (Nafziger, 94; Rossini et al., 2011; Leer, 2012).  Whether the producer’s 
focuses lie on planting depth, residue coverage, singulation, stand spacing uniformity, etc. each 
variable comfortably controlled for by the producer allows him or her to adjust their future 
decisions to those that can benefit their farm economically.  Continually varying plant space 
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down the row can reduce final stand counts, and increase measureable deviations to individual 
plant light, water and nutrient interception.  The precision by which plants must then be 
consecutively spaced can only speculated upon at this time, but this research and past studies 
have never shown that uniformly distributed stands reduced per-plant grain yields.  Thus 
attention should be paid to establishing adequate stands within the field.  This will bring the 
average individual plant spacing closer to that characteristic of a target density, thus eliminating 
one more potential barrier to optimal yields.    
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